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4. EXPLORING POLICY STRATEGIES FOR MITIGATING HFC EMISSIONS FROM 
REFRIGERATION AND AIR CONDITIONING
1
 
Abstract The growing demand for cooling throughout the world, possibly 
increased by global climate change, requires the implementation of policies to 
mitigate the related greenhouse gas (GHG) emissions from energy and 
refrigerant use in the refrigeration and air conditioning (RAC) sector. This 
chapter aims to contribute to the discussion on strategies to reduce HFC 
emissions from RAC by looking at their different temporal effects, caused by 
stock-flow dynamics. From scenario modeling we find that containment 
strategies are often most effective in reducing HFC emissions in the short run, 
whereas phase out strategies have more potential in the long run. Further 
findings suggest that early and quick implementation of phase out strategies 
could lead to important reductions in cumulative HFC emissions, because stock 
build up is prevented. This timing effect is less pronounced for containment 
strategies. Lastly, emissions from disposal, if unabated, can lead to equally 
large emissions annually as those from use. Preference for several short term 
benefits of containment strategies might lead to sub optimal emission 
reduction strategies, endangering long term GHG emission reduction. 
 
4.1. Introduction 
Refrigeration and Air Conditioning (R+AC) have been in the environmental spotlight for 
several decades. Where in the 80ies and 90ies policy focus was on the ozone depleting 
properties of the refrigerants used, this focus has gradually shifted to the sector’s 
contribution to global warming. The ratification of the Montreal Protocol [UNEP, 1987] in 
1987 and subsequent amendments have gradually moved ozone depletion from policy 
implementation to the enforcement stage. In the same time global attention for global 
warming has gradually risen, leading to the United Nations Framework Convention on 
Climate Change (UNFCCC) [UN, 1992b] entering into force in 1994 with near universal 
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. Many signatories went further, and agreed to reduce the sum of their 
greenhouse gas (GHG)-emissions in the Kyoto Protocol [UN, 1997] that entered into force 
in 2005. 
In the light of these international conventions, the refrigerants used in the R+AC sector 
have a special position. Currently, especially HFC
3
 emissions lead to much debate. HFCs 




 that are being phased 
out in the Montreal Protocol. However, HFCs are among the gases that are included in 
the basket of GHGs
4
 that is regulated through UNFCCC and Kyoto. The replacement of old 
(H)CFC containing applications with new HFC containing ones, combined with a general 
growth of R+AC sectors, leads to an increase in HFC emissions. Global warming is 
expected to add to the increased demand for refrigeration and air conditioning. This 
trend is seen as undesirable by policymakers because it might undermine the goal to 
reduce the total volume of GHG-emissions. Several European countries have therefore 
introduced policy strategies to mitigate the HFC emissions from the R+AC sectors. 
Recently, the desire to unify legislation within the EU territory has initiated discussion 
over which policy strategy should be followed, and led to the introduction of the EU F-gas 
regulation [European Commission, 2006b] and the MAC-directive [European Commission, 
2006a]. 
Sterman [2002] states: “Understanding complex systems requires mastery of concepts 
such as feedback, stocks and flows, time delays, and nonlinearity”. In environmental 
sciences, complex systems are therefore often represented in stock-flow diagrams that 
visualize the relations between resource flows through the system [Ford, 1999; 
Meadows, 1972]. Figure 4.1 shows a stock-flow diagram with the flows of HFCs through 
the R+AC sector. After production the HFC gets filled into cooling applications, where it 
remains for the lifetime of the application until it gets disposed of. The emissions of HFC 
to the environment are caused by interplay of two factors: the total stock of HFC in the 
system and the emission factor
5
. Emission of HFC occurs mainly during use and from 
applications that are disposed at their End of Life, emission during production is 
negligable [Palandre et al., 2003]. 
The literature on policy strategies to reduce emissions broadly focuses on policy 
feasibility or on emission scenarios. The discussions on policy feasibility mainly focus on 
whether or not to keep using HFCs. These discussions are often published with limited 
peer review, outside the scientific arena, or by authors that themselves have a stake 
[Anderson, 2005; Bivens, 1999; Calm, 2002b; Johnson, 2004a]. They deal either with the 
technological possibilities to replace HFC refrigerants with alternatives, or with the 
emission reduction that could be reached by improving containment of HFCs within their 
application. Policy feasibility literature often overlooks the fact that these measures have 
                                                 
2
 The convention is currently signed by 189 countries. By this convention, signatories are obliged to 
report to the Conference of the Parties “national inventories of anthropogenic emissions by 
sources and removals by sinks of all greenhouse gases not controlled by the Montreal Protocol”, 
annex I countries are obliged to report their emissions inventories annually.  
3
 HFC=hydrofluorocarbon, CFC=chlorofluorocarbon, HCFC=hydrochlorofluorocarbon 
4
 The gases included in this basket are: CO2, CH4, N2O, PFCs (perfluorocarbons) , HFCs and SF6. 
5
 Emission factor from use is the ratio of HFC emission during operation and maintenance to HFCs 
in stock. Emission factor from disposal is the ratio of HFC emission at disposal to total amount of 
HFC at disposal. 
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different working mechanisms, because replacement aims at the stocks, whereas 
containment aims at the flows. Related temporal effects are therefore often not 
regarded in such discussions.  
Emission scenario studies, mainly published by or for (inter)governmental bodies [Clodic 
and Palandre, 2004; IPCC and TEAP, 2005; Schwarz, 2005], do look at temporal effects. 
These studies estimate future developments leading to certain emission levels of HFCs. 
However, these studies tend to not critically compare different policy approaches. 
Typically, instead of comparing the effects of different measures separately, they 
consecutively add measures to a business as usual scenario to create several emission 
scenarios with ever increasing effort for reducing emissions. The distinction between 
measures is thereby lost.  
4.2. Research goal 
This chapter is inspired by the debate in the EU policy arena and aims to contribute to the 
discussion on strategies to reduce HFC emissions from R+AC by looking at their different 
temporal effects. Its goal is to evaluate the differences between strategies aimed at 
phase out of HFC and strategies aimed at better containment of HFC, caused by the 
stock-flow system properties. Although based on German data and European policies, it 
also discusses the implications of these differences in developing countries. Policies that 
are introduced by ‘environmental frontrunner’ countries nowadays might be adopted by 
others later on. Choosing a path now might ‘lock in’ the pathway for the future. 
Ultimately, this chapter should contribute to well-informed decision making on future 
policy developments concerning the R+AC sector, both at EU-level and in general. 
 
 
Figure 4.1 Typical stocks and flows of HFC in R+AC sector product system. EFu= 
Emission Factor from use, EFd= Emission Factor from disposal. Emissions from 
production are not shown as they are considered negligable. Shaded areas and 
arrows represent the working mechanism of containment and phase out measures 
on the system. Double arrows indicate the life cycle of the application, dashed 
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4.3. System Characteristics 
To understand the implications of policy strategies for emission levels, it is important to 
take a closer look at certain relations between characteristics  
of cooling applications at a product level and at a system level. Policy usually targets 
certain stages of an applications’ life cycle; production, installation, use (including 
maintenance), disposal and destruction. Policy often tries to optimize at this product 
level. However, at system level, which includes all R+AC applications, but also other 
societal factors that determine total emissions, such as temporal sector developments 
and international trade, other considerations might exist. Therefore it is important to 
understand how changes at product level lead to emissions on the system level. Figure 
4.1 shows the relations between emissions and the system life cycle stages.  
Several remarks need to be made about this system: 
 HFC emissions from R+AC are not one time batches, but occur over the entire lifetime 
of a cooling application. Especially significant are the use and disposal stages [Palandre et 
al., 2003]. Depending on the annual leakage from usage, the lifetime, and the way of 
disposal at the end of life of an application, a multitude of the original charge can be 
emitted over the system’s lifetime. 
 The choice of refrigerant in an application is determined only at the design stage. Once 
committed to a certain refrigerant, this refrigerant is generally used until the total system 
is discarded. Retrofitting an application for the use of a different refrigerant often 
requires system adaptations, is expensive, and can lead to a higher energy use. 
 Any measure to reduce refrigerant emissions that leads to lower system energy 
efficiency needs to be regarded with caution. IPCC and TEAP [2005] show that for some 
R+AC sectors GHG emissions related to energy use are in the same order of magnitude as 
the emissions of refrigerant, measured in CO2-equivalent, for other sectors the energy 
use is an order of magnitude larger. This means that if system energy usage is included in 
a comparison, the balance of such a measure can very well be negative. Therefore any 
system adaptation should only be carried out if it results in lower Total Equivalent 
Warming Impact (TEWI)
6
 [Harmelink et al., 2002]. 
 Different refrigerants can have a different theoretical Coefficient of Performance 
(COP)
7
, suggesting different suitability for certain refrigerants [Calm, 2002a]. However, in 
practice this theoretical difference is often dominated by other factors that influence 
system efficiency, such as design, maintenance and ambient environment of individual 
cooling applications. Experts claim that in principle, refrigerant choice is not the principal 
factor that determines system efficiency
8
.  
 Refrigerants are an essential part of the vapor-compression cooling mechanism. 
Although a lower charge per system presumably leads to lower annual emissions, 
physical properties of the system determine an optimal charge. Further minimizing 
charges is not always an option; it can decrease the system’s coefficient of performance 
and lower the system’s cooling capacity [Grace et al., 2005]. 
                                                 
6
 TEWI is a cumulative measure for all GHG emissions during a product’s life cycle. 
7
 COP is a measure for the energy efficiency of an application. 
8
 Personal communication Dr. L. Kuijpers 
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4.4. Policy Strategies 
We already mentioned that HFC emission is caused by the interplay of stocks and 
emission factors. This leads to two policy strategies to reduce emission: reducing stocks, 
and reducing emission factors. In Europe, both strategies are already implemented in 
some countries (Table 4.1).  
Firstly, Sweden and the Netherlands have similar policy strategies, which aim at reducing 
emission factors from use and disposal, called “containment” strategies. The Dutch 
system
9
 requires special training of personnel for installation and maintenance, and 
introduces obligatory leakage controls. The principle behind this strategy is that as long 
as the HFCs are contained within their application, there is no environmental impact. It 
aims at existing as well as newly introduced applications. The major risk of such a strategy 
is that non-compliance to the strict handling procedures is hard to check by inspections. 
The possible reduction in emission factor is hard to establish, due to very incomplete 
data [Anderson, 2005; STEK, 2002].  
Secondly, Austria and Denmark have introduced legislation that prohibits the use of HFCs 
in certain applications from a certain date onwards. Similar to the measures to phase out 
(H)CFCs in the Montreal Protocol, this strategy would lead to a phase out of the use of 
HFCs. The “phase out strategy” aims at reducing the total stock of products containing 
HFCs, thereby targeting HFC emissions at the source. Different than the containment 
strategy, the phase out strategy can in practice only target newly introduced applications; 
replacing all existing applications would lead to enormous costs to the sector, refilling 
them with alternatives is not practically feasible due to technical constraints
10
. A phase 
out of HFC applications is therefore expected to take time, because already existing 
applications would remain in service until they are disposed of at their End of Life. A risk 
of this strategy is the availability of replacement options for current HFC applications. 
Table 4.1 Pros and Cons of different European policy strategies 
Strategy and countries Pro Con 
HFC Containment 
Sweden and Netherlands 
 Targets new and existing 
applications.  
 Relatively quick result 
possible 
 Requires continuous control 
stakeholder compliance 
 Requires education and 
disposal facilities 
 Potential risk of release 
remains 
HFC Phase Out 
Austria and Denmark 
 No HFC use no HFC 
emissions 
 Potential risk of release of 
stocks disappears 
 Availability of replacement 
options questionable 
 Only new applications 
HFC Tax 
Norway and Denmark 
 Targets both emissions and 
stocks 
 Increases purchase costs of 
applications 
 
                                                 
9
 commonly referred to as the ‘STEK system’ 
10
 These arguments are basically the same for this phase-out strategy as they were for introducing 
the phase-out of (H)CFCs in the Montreal Protocol 
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Increased TEWI, flammability or toxicity can form barriers for introduction of alternatives 
[Fischer et al., 1991; Harnisch et al., 2001; Harnisch and Hendriks, 2000; IPCC and TEAP, 
2005; Little, 2002; UNEP, 2002]. 
Thirdly, strategies that aim at both containment and phasing out of HFCs can be found. 
The Norwegian government has implemented a refund scheme to tax HFC emissions. 
When buying HFCs or products containing HFCs, a fee has to be paid for their combined 
global warming potential measured in CO2-equivalents. When the HFCs are offered for 
destruction, this amount is refunded. This strategy can be expected to on the one hand 
improve containment since loss of HFC is now very costly, and on the other hand 
promote the use of lower GWP refrigerants, since the purchase value of products 
containing HFCs with high GWP will rise. Very recently, the EU has adopted measures 
that are to be implemented into national legislation of the member countries. A Directive 
on the use of Fluorinated gases in the Mobile Air Conditioning sector [European 
Commission, 2006a] prohibits the use of HFCs with a GWP higher than 150 in new car 
models from 2011 and in all new cars from 2018, this directive thus equals a phase-out 
strategy. And a regulation on the use of F-gases in cooling applications [European 
Commission, 2006b] focuses on improving containment of F-gases in cooling applications.  
4.5. Methodology 
In order to compare the implications of different policy strategies in the short and long 
term we developed a simple scenario model that simulates the expected emissions from 
the R+AC sector. The model estimates the emission from each of five sub sectors, leading 
to a total value for the R+AC sector. The sub sectors considered are: Commercial 
refrigeration (COM), Industrial refrigeration (IND), Transport refrigeration (TRA), 
Stationary air conditioning (SAC) and Mobile air conditioning (MAC). We have left out 
domestic refrigeration, because the low charge and low leakage rate of domestic 
refrigeration applications make emissions from domestic refrigeration very small 
compared to other sectors [IPCC and TEAP, 2005]. Moreover, in many European 
countries, domestic refrigerators do not use F-gases as refrigerant [IPCC and TEAP, 2005].  
For each of the sub sectors the annual composition of the following variable quantities 
are modeled: 
 The amount of HFCs filled in new applications 
 The total stock of HFCs contained in applications 
 The amount of HFCs in applications reaching their End of Life 
 The emissions of HFCs from stocks 
 The emissions of HFCs from disposal  
Emissions from manufacturing are considered to be insignificant in relation to the 
emissions in the rest of the systems life cycle [Palandre et al., 2003]. Basically, modeling 
these variable quantities creates a model of stocks and flows of amounts of HFC through 
the R+AC sector. The relations in this model are visualized in Figure 4.1. 
Schaefer et al. [2006] have identified six factors that influence the growth in emissions, 
four of which have an impact on the growth rate of the sub sectors; replacement of 
ozone depleting substances, region specific preferences, population growth and income 
growth. Different assumptions about growth factors or initial stocks can lead to large 
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variation in estimated future emissions (compare e.g. [Schaefer et al., 2006; Schwarz, 
2005; USEPA, 2005]). This chapter does not aim to determine future emission levels 
precisely, but rather aims to show the trends that can occur from following certain policy 
strategies. Therefore we believe it justified to use a “simplified” projection of future 
stocks and emissions here, compared to those found in studies that aim to establish 
future emission levels. Reducing uncertainty about levels of existing stocks and future 
emissions remains an important issue for further investigation however, as it may 
demystify the urgency of introducing policy strategy. 
In order to be practical, we assume a logistically declining annual growth rate for the size 
of all the sub sectors, converging to very limited annual growth. Such a growth pattern 
represents rapid growth for emerging sectors, which declines as the sector becomes 
saturated. This results in an S-shaped curve, when looking at the development of the 
sizes of the sectors. From these growth rates we determine how much extra HFC is 
entering the market each year. After the applications’ life time, this amount of HFC will 
get disposed of. We assume that all applications that reach their end of life will get 
replaced by new ones. The HFC needed for sector growth plus the HFC in replaced 
applications form the total demand for new applications in each year.  
By establishing an annual emission factor from use (EFu) we estimate the total annual 
HFC emissions from use. We also keep track of cumulative emissions to establish the 
total emission of GHG to the atmosphere over time. Additionally we track the amount of 
HFC that will get disposed. A disposal emission factor (EFd) can calculate the expected 
emissions from disposal. In the model, we assume that all HFC that is emitted during use 
is refilled each year during maintenance.  
The principle of such a stocks-flows system model is valid for any country at any given 
time. For reasons of clarity, controllability, and data-availability, we chose to base our 
model on the German situation as an example, and model the period from 1990-2030. 
This period covers the full period from introduction of HFCs on the market to saturation 
of the market in Germany. 
4.5.1. Model Parameters  
Business as Usual scenario 
The projection of the five quantities requires the setting of and assumptions on certain 
model parameters. One of the most determining parameters for future stocks is the 
expected growth rate of the sub sectors each year. To simulate the expected growth, we 
have fitted a logistic growth curve to the historic German data on each of the R+AC 
sectors presented in the German annual inventory report for the UNFCCC [UBA, 2006]. 
We have assumed a final growth rate of 1% to allow for some growth of the sector due to 
economic growth. The exact value of this growth is not very important to this research, 
since we are looking at trends rather than exact data. Our conclusions about the different 
policy strategies are similar when we assume slightly higher or lower growth rates
11
. We 
compared the emissions calculated by the model to projections for the German ministry 
of environment by Schwarz [2005] for 2010 and 2020 and found these to be similar. 
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 Obviously, absolute emission levels vary when using different growth rates. 
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Average lifetimes of applications (see Table 4.2) are estimated from IPCC and TEAP [2005] 
and Schwarz [2005]. Base leakage rates during use (EFu) are calculated for 1990-2004 
from the German annual inventory report for the UNFCCC [UBA, 2006]. From the trend 
visible in these calculations we estimated values for 2030 and interpolated in between. 
Notice that the average emission factor in Germany (9.4% in 2002 [UBA, 2006]) is much 
lower than the world average (18.6% in 2002 [UNEP, 2005]). Disposal emission factors are 
(EFd) assumed to be 50% for all sectors except MAC based on UNEP [2005]. For MAC we 
Table 4.2 Values for certain model parameters in BaU and other scenarios 
 
 
Table 4.3 Values used for the figures and tables presented in the results section 
Scenario Year of 
implementation 
Reduction EFu (red) 




 General MAC General MAC General MAC 
Containment (Figure 4.4,  Table 4.4) 
2000 quick 2000  40%red  Quick  
2000 slow 2000  40%red  Slow  
2010 quick 2010  40%red  Quick  
2010 slow 2010  40%red  Slow  
Phase Out (Figure 4.5+Figure 4.6,  
+Table 4.6 ) 
2000 quick 2000  50%po 100%po Quick  
2000 slow 2000  50%po 100%po Slow  
2010 quick 2010  50%po 100%po Quick  
2010 slow 2010  50%po 100%po Slow  
Comparisons (Figure 4.7+Figure 4.8) 
Containment 2008  40%red  Quick  
Phase out slow 2008  33%po 33%po Slow  
Phase out quick 2008  50%po 100%po Quick  
EU directives 2008 2011 30%red 100%po Inter-
mediate 
Slow 
EU phase out 2008 2011 50%po 100%po Slow Slow 
 
Sub sector EFu (%) 2004/2030 Life time (yr) 
TRA 12.7 / 12 12 
IND 7 / 7 15 
COM 9.6 / 8.6 9 
SAC 5.0 / 4.5 15 
MAC 10.4 / 10 12 
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have assumed 100% emission as base. UNEP [2005] assumes best practice of 50% for 
MAC in Europe, but 0% in the rest of the world. These assumptions together form our 
business as usual scenario which forms the basis of possible policy strategy scenarios. 
Policy strategies scenarios 
To simulate the introduction of policy strategies, the model parameters are changed from 
a desired year of implementation onwards, to create several sets of scenarios. 
“Containment” scenarios are represented by assuming Emission Factors from use will 
decrease. “Phase out” scenarios are represented by reducing the percentage of HFCs in 
new applications. Notice that “phase out” can be reached by banning use of HFCs in 
certain applications as well as by lowering charges of HFC. To represent adaptation time 
required by the sectors, an implementation speed is set to immediate (0 years), quick (2 
years), intermediate (5 years) or slow (10 years). In this transitory period the policy’s 
effect gradually increases from no to full effect. Table 4.3 shows the values used for the 
figures presented in the results section. 
4.6. Results 
In this section the most illustrative results of several modeling exercises are presented 
and some of the teachings are discussed. The section is divided into four sub sections; it 
describes firstly the results of the BaU scenario, Containment scenarios and Phase out 
scenarios and concludes with a comparison of containment and phase out scenarios. As 
explained, the values presented here are representative for Germany, but should be 
interpreted in a general way. 
4.6.1. “Business as Usual” scenario 
The Business as Usual (BaU) scenario represents the development of the five different 
R+AC sectors in case no additional policy is introduced. As expected, the model shows us 
that in this scenario, the stocks of HFC increase rapidly in the beginning and level off 
later, when the market becomes saturated (Figure 4.2). We see that the MAC and COM 
sector together represent 70% of the stocks in 2030.  
The total yearly emission of HFCs follows the trend seen in the stocks (Figure 4.3). 
Because of their relatively high emission factor compared to other subsectors, the MAC 
and COM sector’s share of total emissions from use in 2030 (78%) is even larger than 
their share in stocks. Two important conclusions can be drawn from this scenario. Firstly 
this scenario shows us the important contribution of MAC and COM to the total HFC 
emissions. Emissions from MAC form 43% of the total emissions from use, COM adds 
34%. It is obvious that efforts to reduce emissions should mainly aim at these two 
sectors. Secondly, the BaU scenario shows us the increasing importance of disposal 
emissions. Notice that the amount of HFCs in discarded applications currently is relatively 
low, but rises to about equal the yearly emissions from use. Dependent on how the 
disposal of these applications is treated, this might be an important source of additional 
emissions. This means that preventing End of Life emissions will become equally 
important as preventing emissions during use. In the BaU scenario this additional 
emission from disposal rises to 62% of the emissions from use.  
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4.6.2. “Containment” scenario 
Figure 4.4 shows the total annual HFC emissions from R+AC when introducing measures 
that reduce the percentage of emissions from use with 40%. The different plots show the 
effect of introducing these measures in 2000 and in 2010, and with two different 
introduction speeds. The “containment strategy” leads to overall lower emissions than in 
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Figure 4.3 Annual emissions of HFC from use and from disposal and annual amount 
of HFC in applications that reaches the disposal phase (BaU scenario). The “ripples” 
result from model imperfections. 





























BaU con 2000 quick con 2000 slow
con 2010 quick con 2010 slow
 Figure 4.4 Annual HFC emissions from use in BaU scenario and in scenarios with 
measures that reduce the emission factor from use by 40% (containment scenarios). 
The graph shows the difference between starting measures in 2000 or in 2010 and 
between a quick or slow implementation of the measures. The arrow indicates that 
the line representing the emission shifts upwards when a lower policy effect is 
assumed, and shift downwards when a higher effectiveness is assumed. 
Table 4.4 Cumulative emissions from use in BaU and containment scenarios, and 
relative emission reduction in containment scenarios compared to the BaU scenario 
 Cumulative emission 
containment 1990-2030  
Emission reduction compared to 
BaU 
  (Mt CO2-eq)   (Mt CO2-eq)         (%) 
BaU 320 0 0% 
2000 quick 197 123 38% 
2000 slow 207 103 35% 
2010 quick 227 93 29% 
2010 slow 243 77 24% 
implementation onwards
12
. Notice that apart from the emission reduction from policy 
introduction, emissions follow the increasing trend of the stocks. The consequence of this 
is that for countries that implement measures relatively late in the development of the 
sectors, annual emissions can be reduced for a prolonged period of time, however 
countries that are still relatively early in their development of the sectors, will see their 
annual emissions rising even when introducing containment measures. Final emissions  
depend on how much reduction in emission factor is possible. Notable is that the final 
                                                 
12
 We have assumed that containment options are generally applicable to both existing and new 
stock. Introduction of some containment options may however be feasible in  new stock only, due 
to technical or cost related restraints. In such cases, containment options could “phase in” 
comparable to “phase out” options. 
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emission level is independent of the year of implementation. The cumulative emissions 
from use are represented by the area under the plots. The difference between areas of 
different scenarios reflects the additional, or reduced, emission by e.g. implementing 
policies later or earlier.  
End of Life disposal 
Table 4.4 gives an indication of the relative significance of the difference between early 
or late and slow and quick implementation. In our scenarios, implementing measures 10 
years early leads to 9-11% extra cumulative emission reduction, faster implementation 
can lead to 3-5% extra reduction.  
In the containment scenarios, the build up of stocks in the sub sectors remains the same 
as in the BaU scenario (see Figure 4.2). This means that the emissions from End of Life 



























BaU po 2000 quick po 2000 slow
po 2010 quick po 2010 slow  
Figure 4.5 Annual HFC emissions from use in BaU scenario and in scenarios with 
measures that lead to total phase out of  HFC use in new MAC applications and 50% 
phase out of HFC use in other applications. The graph shows the difference between 
starting measures in 2000 or in 2010 and between a quick or slow implementation 
of the measures. 
Table 4.5 Cumulative emissions from use in BaU and phase out scenarios, and 
relative emission reduction in phase out scenarios compared to the BaU scenario 
 Cumulative emission Phase 
out 1990-2030  
Emission reduction compared to 
BaU 
  (Mt CO2-eq) (Mt CO2-eq)                       (%) 
BaU 320 0 0% 
2000 quick 98 222 69% 
2000 slow 132 188 59% 
2010 quick 183 137 43% 
2010 slow 220 100 31% 
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disposal can be simulated in the same way, and will show similar effects on the emissions 
from disposal as the effects that containment measures have on emissions from use, 
therefore we will not further elaborate on this.  
4.6.3. “Phase out” scenario 
Figure 4.5 shows the total annual HFC emissions from use in R+AC sectors when 
introducing measures that lead to phase out of HFC use in applications. This figure shows 
that if a phase out measure is implemented sooner or quicker, the emission levels will 
remain lower. This is because the sooner or quicker a phase out is implemented, the less 
stocks of HFCs in applications will be built up. However, if the implementation strength of 
measures is too low (e.g. only 25% of HFCs in new applications is phased out), early 
implementation is less effective, because the increase in HFCs due to the initial rapid 
market growth will then lead to a build up of stocks anyway. Figure 4.5 also shows that in 
most scenarios, the level of emission decreases some years after the introduction of 
these measures. The delay occurs because phase out measures target only the HFCs in 
new applications. Emission levels of HFCs that were already in old applications remain the 
same until these applications reach their End of Life. The more HFCs get phased out, the 
more emissions from use will decrease. Because we assume that a certain share of all 
applications that contain HFCs that reach End of Life gets phased out, the total phased 
out share increases over multiple lifetimes. Due to this mechanism, emissions will 
decrease significantly even at low implementation strengths. A third observation from 
Figure 4.5 is that emission levels have a wide variation between different scenarios. The 
relative significance of this distinction in cumulative emissions is shown in Table 4.5.  
An important observation in the phase out scenarios is that because less HFCs are placed 
on the market in applications, the amount of HFCs that reaches End of Life decreases 
(Figure 4.6 and Table 4.6). This obviously has important consequences for the emissions 
from disposal. If less HFCs reach the disposal stage, less will be emitted. The difference 
between areas under the curve of different scenarios reflects the additional, or reduced, 
total amount of HFC at disposal by implementing policies later or earlier (or slower or 
faster). Especially the difference between early and late implementation is striking. 
4.6.4. Comparison of containment, phase out, and mixed strategies 
The exact level of emissions in each scenario depends strongly on the assumptions about 
the timing, speed and strength of implementation of the respective strategies. Extreme 
assumptions such as very large reduction of emission factors, or immediate phase out of 
all HFC use in all new applications can make every strategy look very appealing for 
mitigating HFC emissions. It is not our intention to discuss the exact numbers that are 
feasible, but rather the general trends visible when taking mediocre numbers.  
We have already noted that containment strategies lead to emission reduction directly, 
whereas phase out strategies take some time to be effective. Because the total amount 
of phased out HFC increases over multiple lifetimes, in the long run phase out strategies 
generally show a lower annual emission. Obviously, at some point in time in between, 
containment and phase out strategies will break even. A break even point exists both for 
annual emissions, and for cumulative emissions. Cumulative emissions are important to 
look at, because GHGs remain in the atmosphere for a prolonged period of time, thus 
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leading to increased radiative forcing during a longer period. However, in international 
treaties such as the Kyoto protocol, the annual emissions also play a large role. 
Figure 4.7 and Figure 4.8 give examples of several phase out and containment strategies. 
If we assume all new MAC applications and one in every two other new applications 
could be HFC free in five years from 2008 onwards (“phase out quick”), annual emissions 
from use would break even with the emissions from a scenario with quick realization of 
40% emission reduction by containment (“containment”) in 2015, and cumulative 
emissions from use would break even in 2023. The benefits of a phase out strategy will 
start slightly earlier, if emissions from disposal are taken into account. We can see that a 
scenario which assumes lower implementation strength of phase out measures (“phase 
out slow”: one in three new applications will be HFC free in ten years from 2008 
onwards), the break even points are much farther away.  
A roughly outlined simulation of the recently adopted EU legislation [European 




























BaU po 2000 quick po 2000 slow
po 2010 quick po 2010 slow  
Figure 4.6 Amount of HFCs in applications that reach their End of Life in the same 
scenarios as in Figure 4.5 (phase out). 
Table 4.6 Cumulative amount of HFC that reaches End of Life stage in the period 
1990-2030 in BaU and phase out scenarios, and relative reduction in phase out 
scenarios compared to the BaU scenario 
 Cumulative amount of HFC 
at EoL 1990-2030  
Emission reduction compared 
to BaU 
  (Mt CO2-eq) (Mt CO2-eq) (%) 
BaU 243 0 0 
2000 quick 93 150 62 
2000 slow 123 120 49 
2010 quick 171 72 30 
2010 slow 203 40 16 
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years from 2011 onwards and a 30% emission reduction in the other sub sectors in five 
years from 2008 onwards) shows the effects of a mixed strategy. The phase out of HFCs 
in MAC, which is the largest contributor to emissions and stocks, from 2011 onwards 
leads to a marked decrease of annual emission in the long run. However since emissions 
from MAC remain unabated in the period until total phase out, total emission levels from 
use will remain almost stable rather than drop until 2017, even though emissions from 
the other sector will be reduced. Moreover, when the MAC phase out is completed, the 
emissions from the other sub sectors will remain. Generally, this mixed scenario scores 
better than phase out scenarios in the short run, and scores better than containment 
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Figure 4.8 Cumulative HFC emission from use in several different emission scenarios 
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same spirit, the “EU phase out” scenario was drawn up (MAC phase out similar, phase 
out of half of the HFCs in new applications in 10 years from 2008 onwards instead of 
containment). This comparison shows annual emissions break even in 2018, and 
cumulative emissions favor “EU phase out” from 2025 onwards. 
4.7. Discussion 
4.7.1. Discussion of results 
Our model suggests that because of the stock-flow dynamics of the R+AC system, the 
choice between containment and phase out strategies is, in fact a choice between 
minimizing short term or long term HFC emissions. For mitigating climate change, looking 
at emissions over a long term is the most relevant, because climate change is a long term 
problem, with GHGs often remaining in the atmosphere many years after emission. This 
suggests a preference of phase out strategies over containment strategies; a phase out of 
HFCs presumably finally leads to lower emissions than could be reached by optimal 
containment, provided that either strategy does not lead to energy efficiency changes. 
However, this does not mean that containment strategies could not lead to politically 
acceptable levels of emissions. Moreover, several barriers exist that might lead to 
preference of containment strategies instead.  
The first barrier is a possible preference of policy makers for short term results. Setting 
short term targets enables early control in case such targets are not achieved. On the 
other hand such targets might lead to non-optimal solutions; e.g. to benefit the Kyoto 
targets, which cover the period 2008-2012, a containment strategy is more effective than 
a phase out strategy. Looking past Kyoto reverses this picture.   
A second barrier involves the temporal distribution of the costs involved in the different 
strategies. In a containment strategy, stakeholders are obliged to take measures that 
reduce emissions. These measures include training personnel, keeping logs and periodical 
checking for leakages or installing leakage detection systems. Moreover destruction or 
reclamation facilities are needed to dispose of or reclaim recovered HFCs and control 
agencies are needed to check compliance. These measures, institutions and facilities 
remain necessary, and will keep imposing costs, as long as stocks of HFC exist. A phase 
out strategy initially requires investments in technology to design alternative cooling 
systems that perform equally well, but do not use HFCs. Development and introduction 
of such new technology is usually relatively costly. However, when such technology can 
be introduced, no additional training, institutions or facilities to prevent HFC emissions 
are required
13
. This final situation seems in favor of a phase out strategy. However, 
temporal discounting in economics devalues costs that are further away in time, which 
benefits containment strategies.  
These two barriers might lead to a lock-in situation, which itself could form a third 
barrier. When initial focus lies on containment, emissions will be lower than before, thus 
there is less urgency to change. Secondly, after the phase out of CFCs due to the 
Montreal protocol, and then the introduction of containment measures, changing for a 
third time in a short time span is bound to frustrate stakeholders.  
                                                 
13
 Depending on technology, alternatives might require special handling as well, due to toxicity or 
inflammability.  
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Therefore if the ultimate goal would be a phase out, it seems wise to start this phase out 
as soon as possible. The decision on whether or not total phase out is required depends 
on the emission level that is acceptable. This is, amongst others, a matter of political 
choices. 
The mixed “EU directives” scenario shows results that are in between the results for 
phase out or containment scenarios. The immediate effects reached by containment in 
most sub sectors lead to lower emissions in the short term, which might be attractive to 
policy makers that aim for quick results. The phase out in MAC leads to decreasing overall 
emissions in the long term, which can help to reach climate goals. Thus, if the recently 
adopted EU legislation follows this course, it can be expected to break the trend of 
increasing emissions. The “EU phase out” scenario shows that slowly phasing out HFC use 
in all sectors will ultimately lead to even lower emissions.  
Obviously, if measures are combined, the results will be stronger than either 
containment or phase out separately. The Norwegian refund scheme is expected to affect 
both purchase and handling of applications containing and might therefore show 
characteristics of such a combination.  
The effects on emissions strongly depend on the effectiveness of policies. Robust data on 
policy effectiveness is currently lacking. It would therefore be interesting to compare the 
effects of different policies currently in effect. 
Our results also show that the timing of measures can have a large impact on the 
cumulative emissions from the R+AC sector. This is especially striking in the case of phase 
out strategies. Earlier and faster implementation of a phase out strategy decreases the 
cumulative emissions markedly. This is very important for developing countries, which 
have not yet built up a large stock of HFCs. Limiting or preventing stock build up by 
immediately introducing alternatives can prevent much emission, and thus prevent 
having to introduce control measures in the future. 
4.7.2. Discussion of method 
We chose to base our simulation on the situation in Germany as a general example for a 
typical European country. Germany had not set special legislation on F-gases prior to the 
recent EU regulations, thus we assume that developments here can be taken as generally 
extrapolatable to other countries that have also set no regulations. Furthermore, data on 
the historic development of the different R+AC sectors are available from the German 
government [UBA, 2006]. Also, the German government has performed and ordered 
many research projects in anticipation of future F-gas policies [Schwarz, 2005; UBA, 
2004]. Thus data on the German situation are readily available.  
The model is based on historic data from 1990 to 2004 [UBA, 2006] and estimates 
emissions and stocks onwards to 2030. The period 1990-now is not directly relevant for 
comparing possible policy strategies in Germany, since such strategies can of course not 
be implemented retrospectively. However, this period becomes relevant when we 
discuss developments in developing countries. Historic trends for Germany can serve as 
future estimates for developing countries. By including this period we can investigate the 
implications of implementing policies earlier in developing countries than they are 
implemented in Germany. 
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The period to 2030 is chosen to be able to highlight better the temporal effects of policy 
strategies. With policies implemented over the coming years, and life-times of 
applications of about 10 to 20 years, full effects of policies for new applications will be 
visible only after considerable time. 
The way we designed the model, makes the stocks in the BaU scenario automatically 
equal the potential market sizes for the other scenarios. This means that the share of the 
markets that is currently already using alternatives to HFCs as refrigerant is neglected.  
To test the robustness of these assumptions we have determined the effects of changing 
these assumptions on our final conclusions. 
4.8. Conclusion 
The growing demand for cooling applications throughout the world, possibly increased by 
global climate change, requires the implementation of policy strategies to mitigate the 
related increase in GHG emissions from energy and refrigerant use in the R+AC sector. 
This chapter discusses the effects of the stock-flow dynamics on HFC emissions from the 
R+AC sector. Simulating emissions from this system in different scenarios, leads to the 
following conclusions.  
Stock-flow dynamics have an important influence on the development of HFC emissions 
from the R+AC sector. Policy strategies that directly target emissions, called containment 
strategies, can reduce emissions significantly in short time. Policy strategies that target 
the stocks of HFC in applications, called phase out strategies, take some time to become 
effective. In the long run they often lead to lower emissions than containment strategies. 
In terms of annual GHG emission, the choice between containment and phase out 
strategies is therefore in fact a choice between minimizing short term or long term 
emissions. 
Although maximizing long term effects is most beneficial in mitigating climate change, 
time preference in politics and economics might create barriers that could lead to short 
term optimization instead, possibly leading to a lock in situation. 
If unabated, emissions from disposal can lead to equally large emissions annually as those 
from use. These emissions are currently not occurring yet, because most HFC equipment 
has not yet reached its end of life. In a phase out strategy, the stocks of HFC in 
application are phased out, or do not build up at all. 
Early and quick implementation of phase out strategies could lead to important 
reductions in cumulative HFC emissions, because stock build up is prevented. This timing 
effect is less pronounced for containment strategies. This suggests policymakers should 
prevent delay in effectuating policy strategies. This is also a very important conclusion for 
developing countries, when we assume similar development of HFC use in developing 
countries as that in Germany. Limiting or preventing stock build up in developing 
countries by immediately introducing alternatives for HFCs, while maintaining or 
improving energy efficiency, can prevent much HFC emission, and thus prevent having to 
introduce control measures in the future. 
Large uncertainties remain about current and future stock and emission levels globally. 
The extent to which the different policy strategies can be implemented successfully 
depends on both technological and other factors. Future research should resolve these 
uncertainties to be able to compare different policy strategies on an absolute basis.  
